Inulin is being used more and more in foods due to its ability to add functionality either as a sweetener or fat replacer and also for its nutritional benefits. In this research, moisture sorption isotherms and glass transition temperature (T g ) as a function of moisture content and molecular weight for four inulins were determined. The T g of the inulins was related to moisture content and also molecular weight. As with maltodextrins, the extent of lowering T g was directly related to the average chain length (lower T g with lower chain length). The sorption properties are also similar to maltodextrins, thus inulin may be useful in providing similar functionality as maltodextrins with almost no calories (1.5 kcal/g).
INTRODUCTION
Inulin, a fructooligosaccharide (FOS) is a non-digestible oligosaccharide composed of fructans linked by (3(2-1) glycosidic bonds. One end of the molecule is occupied by an a-D-glucose and has a degree of polymerization of 2 to 60 (Roberfroid et al., 1993; Speigel et al., 1994) . Inulin is a naturally occurring storage oligomer found in plants such as chicory and Jerusalem artichoke. Recent studies show that inulin modifies the microflora of the human colon resulting in health benefits for the host (Yamashita et al., 173 Copyright © 2000 by Marcel Dekker, Inc.
www.dekker.com 1984; Gibson et al, 1994; Tomomatsu, 1994; Gibson et al., 1995) . Inulin is resistant to digestion by mammalian small intestinal enzymes such as a-amylase, sucrase and maltase. However, specific colonic bacteria, bifidobacteria and selected strains of lactobacilli are selectively able to utilize inulin due to an enzyme (P-fructosidase) present in their systems (Oku et al., 1984; Gibson et al., 1994 : Briet et al., 1995 Knudsen and Hessov, 1995) . It is reported that inulin can be used to improve the taste and/or quality of a food product. It can also be used as a fat or carbohydrate replacer, and because of its ability to selectively stimulate bifidobacteria in the human gut, it can be used to create functional foods. Current uses of inulin include: ice cream, frozen dairy desserts, yogurt (Modler et al., 1990; Orafti, 1996; Schaller-Povolny and Smith, 1999) ; mozzarella cheese (Pagliarii and Beatrice, 1994) ; kefir (fermented milk) and soy protein bars (Brandt, 1998) ; with possible future use in bakery products and infant formulas to name a few. Although inulin is being more widely used as a food ingredient, little work has been done on its glass transition behavior and water sorption properties. These properties are important in order to understand and explain undesirable changes that may occur in the processing and storage of a food product. The temperature at which polymeric materials change from an amorphous solid (glass) to an amorphous rubber is known as the glass transition temperature (T g ) and is specific to each amorphous material (Roos and Karel, 1990; Goff et al., 1993) . Above the T g , molecular mobility and diffusion increases and viscosity (or elasticity) decreases (Roos and Karel, 1990; Buera et al., 1992; Netto et al., 1998) . Thus, crackers as they increase in temperature or moisture go from a crisp to a soggy state (Nikoladis and Labuza, 1996) . The glass transition temperature is influenced by parameters such as molecular weight, chemical structure, the amount and/or type of plasticizer present and the physical structure such as branching, cross linking or entanglement of chains (Sperling, 1986) . Netto et al. (1998) summarized three physical property changes that can occur when a substance is in the rubbery state -stickiness, crystallization or caking and collapse. Stickiness is characterized by a sticking together of dry particles which can be broken up by low shear as the viscosity of an amorphous substance is decreased below a critical value (Roos, 1995) . Crystallization occurs as a function of T-T g . The greater the temperature above T g , the faster amorphous sugars in the rubbery state can nucleate, form crystals and give up their water of hydration to the surrounding matrix resulting in caking of the matrix (Levine and Slade, 1986) . Examples of this are lactose crystallization in ice cream (White and Cakebread, 1966) , whey powder (Saltmarch and Labuza, 1980) , milk powders (Joupilla and Roos, 1994 Roos, , 1997 and the typical hydrolyzed low molecular weight carbohydrates in spray dried instant coffee and tea. Collapse as defined by Tsourouflis et al. (1976) is a loss of structure that is found to be time, temperature and moisture dependent. Roos and Karel (1993) found the temperature at which collapse occurred was also dependent on molecular weight. The physical changes of crystallization and collapse during storage have been shown to affect the quality of such products as orange juice powder (Tsourouflis et al., 1976) , ice cream (Goff et al., 1993) and infant formula (Chuy and Labuza, 1994) . In addition some systems deliquesce, i.e. they look like a pool of solution as the material goes into solution. Netto et al. (1998) observed this for enzyme hydrolyzed fish and milk proteins at a specific relative humidity. The objective of this research was to investigate the moisture sorption and glass transition characteristics and to determine the effects of moisture and molecular weight on these properties of inulin obtained from different commercial sources as compared to maltodextrins.
MATERIALS
Inulin with the trade name Raftiline HP® and an average degree of polymerization (DP) of 23 was obtained from Orafti (Tienen, Belgium), Raftiline ST®, with an average DP of 11 and Raftilose P95® (DP 5) were also obtained from Orafti (Tienen, Belgium) . Inulin with the trade name Frutafit and an average DP of 9 was obtained from Imperial-Suiker Unie (Sugarland, Texas).
METHODS

Effective Molecular Weight
The osmolarity of 5% (w/w) carbohydrate in water solutions was measured in triplicate using a digimatic, single sample, automatic Osmometer 3DII (Advanced Instruments Inc, Needham Heights, Massachusetts) with #3LA824 cuvettes (Advanced Instruments Inc, Needham Heights, Massachusetts) and is expressed in milliosmoles per kg (mOsm/kg) ( Table 1 ). The effective molecular weights of the inulin solutions were determined by converting the mOsm/kg to °C and utilizing the equation used by Smith et al. (1984) as derived by Moore (1962) and modified by Heldman (1974) .
Moisture Content
Inulin samples were initially dried over Drierite® for 2 weeks so all samples were at the same environmental thermodynamic conditions. Initial moisture of the samples was determined using the Karl Fischer cold extraction method (Karmas, 1980; and an Aquatest CMA Karl Fischer Coulometric Titrator (Photovolt, Indianapolis, IN) which measures the amount of water present by an electrochemically induced iodine reaction.
Moisture Adsorption Isotherms
Approximately 2.5 g samples, in triplicate, of the inulin powders of study were weighed and stored in sealed fish tanks (~10 gallon) containing saturated salt solutions (LiCl, MgCl 2 , K 2 CO 3 , Mg(NO 3 ) 2 , NaNO 2 , NaCl and KC1) at water activities (aj between 0.12 and 0.86 at 23°C ± 2°C for six weeks. Moisture content was determined by gravimetrically weighing to ± O.lmg. Samples were weighed once a week for six weeks to ensure equilibrium.
Differential Scanning Calorimetry (DSC)
Carbohydrate samples were pressed into pellets (7 to 12mg), placed into DSC aluminum pans and stored over saturated salt solutions (a w 's 0.33, 0.54, 0.77, 0.86) at room temperature (23°C) for six weeks. After equilibration the DSC pans were hermetically sealed, re-weighed and allowed to equilibrate for 24 hours over Drierite® to remove surface moisture from the pan surface.
Glass transition temperatures were determined (duplicate samples or more) using a Perkin-Elmer Model DSC7 (Perkin-Elmer, Norwalk, CT). The instrument was calibrated according to the procedure used by Netto et al. (1998) , using the melting point of indium (156.6°C) and double distilled water (0°C). Samples were scanned twice in order to eliminate the hysteresis effect of thermal relaxation that are typical of glass transitions (Netto et al., 1998 , Buera et al., 1992 Roos and Karel, 1991a; Orford et al., 1990) . The initial scanning rate was 10°C/min and the second scanning rate was 5°C/min.
The glass transition temperatures of the carbohydrate samples were determined as the onset of the observed change in the heat capacity from the second scan after a 10°C/min cooling scan. Onset values were used because most textural properties change at or above the onset value of T g . This is especially important for carbohydrate materials because viscosity decreases rapidly at onset of T g , and the carbohydrate may become sticky and crystallize above the onset T g temperature (Roos, 1993) . Upon cooling, after the second scan, the DSC pans were re-weighed to determine if any weight loss occurred. If there was a loss in weight, it indicated inadequate crimping of the DSC pan lid and the corresponding DSC data was omitted and if necessary another replicate was run. Figure 1 and Table 2 show the results of the determination of the moisture sorption isotherms for the inulin products. The molecular weight differences between inulin samples significantly affected the adsorption isotherm above a,,, of 0.6 for the lower molecular weight products of Frutafit and Raftilose P95®. Raftiline HP® sample, which is composed of higher molecular weight polymers, had a significantly higher moisture content at lower water activities when compared to the other three inulin samples. The Raftiline HP® gained the least amount of water at the higher water activities when compared to the other three samples. Mazza (1984) found similar results for Jerusalem artichoke flour, which is a source of inulin. He found that the water insoluble fractions, which are composed of polymeric material, had higher moisture contents at water activities below 0.52 and lower moisture contents at higher water activities. Water sorption data for the inulins and corn syrups were analyzed using the GAB equation and can be found in Table 3 . Inulin samples fit up to a water activity of 0.65 for samples with low osmolarity and higher molecular weight (Raftiline HP®, Raftiline ST®, and Frutafit). Raftilose P95®, which has high osmolarity and low molecular weight fit the GAB equation only up to an a^ of 0.50. The higher molecular weight carbohydrates (>800 effective MW) had p-values <5% showing a good fit whereas the lower molecular weight carbohydrate -Raftilose P95® (<800 effective MW) was more hygroscopic at higher water activities and had a p-value >5% indicating a poorer fit. According to Mazza (1984) the sorption behavior of the Jerusalem artichoke flour was determined not only by composition but also by the physical state (crystalline, amorphous, aqueous) of the sugar components. Similar results were also found by Buera (Saltmarch andLabuza, 1980) .
RESULTS AND DISCUSSION
Moisture Adsorption Isotherms
Water sorption data of the inulin samples were also subjected to analysis using the BET equation. In all cases there was a good to excellent fit (1^=0.95 or better). The BET monolayer values for the inulin samples ranged from 7.3 g H 2 O/100g solid for Raftiline HP® to 5.3 g H 2 O/100g solid for Raftilose P95® (Table 3) . Comparison of BET values for maltodextrin data obtained from Roos and Karel (1991a) and SchallerPovolny (1999) with the inulin data in this research showed that m 0 values for Raftiline HP® and Frutafit were higher than maltodextrins of comparable molecular weight. This difference could be due to the structure of the samples (fructose for inulin versus glucose for maltodextrins) ( Table 4) (Table 3) .
Comparison of GAB values for maltodextrin data with inulin data (Table 4) showed that the m 0 values for Raftiline HP® and Frutafit were also higher than the m 0 values of the maltodextrins of comparable molecular weight. Again, this difference may be due to differences in structures between inulin and maltodextrins. The k b values found for the four commercial inulins were expected due to the flat shape of a Type III isotherm which is typical for amorphous sugars. As the effective molecular weight of the inulin decreased, the k b values increased indicating a shift from a Type III towards a Type II isotherm curve. The slight variations in the monolayer values between the two equations were expected as the BET equation uses data points up to 0.55 a^ and looks at only monolayer adsorption, whereas the GAB isotherm uses data points up to 0.98 a w . The GAB takes into account multi-layer adsorption and accounts for possible interactions at each layer (Labuza, 1992) . However, the difference between GAB and BET monolayer a w 's for Raftilose P95® was small. This difference could be due to the fact that the short chain lengths have more hydroxyl groups available for water to bind, moving the flat shape of the Type III isotherm curve typical of amorphous sugars closer to that of a Type II isotherm curve (more sigmoidal in shape). Another difference may due to the non-linear optimization techniques used in the GAB. Both the GAB and BET models are not able to provide a good fit for low molecular weight, high sugar systems.
Visual Observation of Inulin Samples
Initially, Raftiline HP®, Raftiline ST® and Frutafit were light powders, while Raftilose P95® was a light, crystalline-like substance. At a w 's of 0.12 -0.67, the Raftiline HP® samples after six weeks storage were still in powder form. At a w 's of 0.77 and 0.86, the powder began to shrink and harden, showing signs of caking. The Raftiline ST® samples remained in powder form at a w 's 0.12-0.54 over the six-week equilibration period. At a a w of 0.67 and above, the Raftiline ST® shrank, caked and then changed to a gummy, shiny, white mass. Frutafit showed signs of shrinking and caking at a w 0.54, which set, into a gummy, white, shiny mass at a w 's above 0.67. The Raftilose P95® stayed in a crystal-like form at the lower water activities (0.12 and 0.33) but showed shrinkage and caking at a^, of 0.44. At a w 's of 0.54 and higher, Raftilose P95® set into a gummy, white and then clear shiny mass by the end of six weeks. The observation of a shiny appearance in the Raftiline ST®, Frutafit and Raftilose P95 8 samples can be attributed to a phenomenon called deliquescence. Deliquescence, which means to become liquid by absorbing moisture from the air results in an appearance of a shiny mass. Another explanation for the above results may be the formation of a liquid bridge between particles that fuses them into a continuous mass (Peleg, 1993) . Liquid bridging occurs when a very small amount of surface material is plasticized by external moisture and the loss of solidity follows (Peleg, 1993) . These observations of the inulin samples indicate that the molecular weight and initial structure (powder vs. crystal) are important in the physical stability of the inulin products at various water activities. 
Effect of Moisture Content on Glass Transition
The glass transitions as measured by DSC at a heating rate of 5°C/min and expressed as a function of moisture content are shown in Table 5 . The effect of water on the glass transition temperature can be seen in Figure 2 where state diagrams were constructed from the moisture and glass transition data. Raftiline ST S , Frutafit and Raftiline P95® were considerably plasticized by water since the onset T g temperatures decreased with increasing moisture content as was expected. The plasticizing effect of water had some effect on the Raftiline HP®, but not to the extent of the other three carbohydrates. The glass transition temperatures ranged from -43 to 57°C corresponding to a moisture range from 6% to 34% (dry basis). Baseline shifts indicating a change from the glassy to the rubbery state were observed in all carbohydrate samples at the moisture contents examined with the exception of Raftiline ST®. The glass transition temperature for Raftiline ST® (effective MW 1249) above 12% moisture was probably < -50°C. Similar problems in measuring T g have been encountered with certain proteins like casein (Kalichevsky et al., 1993 and Netto et al., 1998) .
The critical moisture content can be defined as the moisture content at which caking or crystallization begins under normal storage conditions. The critical moisture content at 23°C for this study was defined as the line that intersects a parallel curve at 10°C above T g for all moistures as seen in Figure 3 . The critical moisture content can then be translated into critical a,, at 23°C by using the GAB equation or obtained from the moisture sorption isotherm plot. The critical a^s for Frutafit and Raftilose P95® were « 0.48 and 0.44 respectively. Rafliline ST® had a critical water activity of 0.61. Raftiline HP®, which has the highest molecular weight, was found not to cake or crystallize indicating that utilizing Raftiline HP® in a food system will help in the creation of a more stable product (Table 6 ). These predictions are in line with the visual observations as shown in Table 5 .
From the data obtained from the glass transition curves and the working isotherms, the plasticizing effect of water was dependent on the source and the molecular weight of the carbohydrate. Roos and Karel (1991a) found that as the moisture content increased in freeze dried maltodextrins, the glass transition temperature also decreased. Figure 4 compares the T g curves of Maltodextrin M040 (MW 3600) and M200 (MW 900) (Roos and Karel, 1991a ) , Maltodextrin M040 (effective MW 2499) and M200 (effective MW 832) (Schaller-Povolny, 1999) and Raftiline HP® (effective MW 2499) and Frutafit (effective MW 832). Even though the data from Roos and Karel (1991a) differed due to preparation and heat methods, the T g curves are similar to what was found for Raftiline HP® and Frutafit and M040 and M200 from Schaller-Povolny's study. The above results were as expected. The T g decreased with an increase in moisture and that effect was more pronounced as the estimated average molecular weight decreased. Critical Water * Activity (GAB Equation) a w where powdery 0.12-0.67 Figure 5 shows that when the T g data for the inulin products were plotted against the storage a^ at 23°C, a linear relationship was found. Similar trends were also found by Roos (1987) for strawberries; Karel (1990, 1991c) for lactose, sucrose and amoica, Roos and Karel (1991a) for maltodextrins and Chuy and Labuza (1994) for infant formula. Even though the a,,, is not the same at the measured T g , this linear relationship makes for useful projections. For example, the linear relationship between T g and a^ can be used to predict proper processing and storage conditions for food materials or can be used to give an estimate of T g at some a^ independent of molecular weight (Roos and Karel, 1991a) .
Effect of Molecular Weight on Glass Transition
Previous research has shown that the T g of homologous, amorphous polymers decreases as the average molecular weight decreases or the amount of plasticizer increases (White and Cakebread, 1966; Orford et al., 1990; Karel, 1991a and 1991b; Buera et al., 1992) . The effect of molecular weight on the glass transition temperature produced a linear relationship when T g was plotted against the inverse of the molecular weight as determined by using the Fox and Flory (1950) equation (Figure 6 ). This linear relationship was found in work done by Roos and Karel (1991a) with maltodextrins in the range of 500-3600 Da and by Buera et al. (1992) with amorphous PVP in the range of 10,000-40,000 Da. The glass transition values obtained for inulins at the same storage relative humidities (%RH) show a similar effect of a decrease in T g with average molecular weight. When the onset glass transition temperature of the four inulins were plotted against the inverse of MW at a constant moisture content of 10%, a linear relationship of a decrease in T g with a decrease in MW" 1 was also found as expected ( Figure 6 ). Results from this research agree with work done by Orford et al. (1990) with low MW maltodextrins; Roos (1993) with pentoses, hexoses and disaccharides and Karel (1991a, 1991b) with maltodextrins. Roos and Karel (1991a) concluded that the linear relationship between T and MW 1 :
where M is molecular weight, T g (oc) is limiting T g at high molecular weight, K g is a constant, and T g is glass tansition temperature, that is typical of polymers (Fox and Flory, 1950 ) also applies to maltodextrins. Table 7 shows a comparison between Kf ound for maltodextrins (Roos and Karel, 1991a; Schaller-Povolny, 1999 ) and k g (slope of T g versus MW" 1 ) found for the commercial inulin samples. Dissimilarities in the Kg values between the maltodextrin data of Roos and Karel (1991a) , the maltodextrin data of Schaller-Povolny (1999) and the inulin data could be due to differences in sample preparation, heating methods and molecular weight calculations. Based on K g values and the linear relationship that was found, it can be concluded that the same linear relationship described by Fox and Flory (1950) can also apply to inulin and corn syrup solids. (Roos/Karei, 1991a) comparable to Raftiline HP and Maltrin M040(Schaiier-p O voiny, 1999) Maltrin M200 (Roos/Karei, 1991a) comparable to Frutafit and Maltrin M200(Schaiier-Povoiny, 1999) 2 T g = T g (co) -KgM' 1 (where T g (00) is T g at a high molecular weight, K g is a constant, M is molecular weight, and T g is glass transition temperature. 
CONCLUSION
The sorption isotherm behavior of the inulin samples is affected by molecular weight distribution. At low a w 's the lower molecular weight inulins (Frutafit and Raftilose P95®) adsorbed less water, than the higher molecular weight samples (Raftiline HP® and Raftiline ST®). Water may have had easier access to binding sites on the high molecular weight samples since the lower molecular weight fraction may fill the pores so sites are available for binding. However, the monolayer values were approximately the same. Visual observation of the inulin samples showed that Frutafit and Raftilose P95® are more susceptible to physical changes such as caking that can be related back to their lower molecular weight and to the moisture content at 10°C above T g where T g is at room temperature. The glass transition temperature of the inulins depends not only on the amount of moisture in the system, but also the molecular weight of the samples. The higher molecular weight inulins, like their higher molecular weight maltodextrin counterparts may be able to be used in food products to improve processability and storage stability.
